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Abstract 
This project is directed at the analytical study of muon spin relaxation (SR) data recorded at 
ISIS (UK) on a set of spin crossover materials. The Fe(II) spin crossover compound 
[Fe(phen)2(NCS)2] (phen = 1,10-phenanthroline) was studied over the temperature range (4-
293 K) and at several magnetic fields (Zero Field, Longitudinal Field and Transverse Field). 
Analysis of the SR data of this model compound provided a suitable introduction to the, 
sometimes, complex world of muon spin relaxation data.  
The project then developed by detailed analysis of data obtained by muon spectroscopy of a 
novel spin crossover chain compound whose formula is [Fe(hyetrz)3](p-
bromophenylsulfonate)2 (hyetrz = 4-(2’-hydroxy-ethyl)-1,2,4-triazole). The muon findings 
were then compared with results from 
57
Fe Mössbauer spectroscopy experiments on the same 
compound. The data were fitted with appropriate relaxation functions to derive relevant 
parameters such as relaxation rates, the hyperfine coupling constant and the nature of muonic 
species was discussed to elucidate the spin crossover behaviour of this material. 
The main aim of the work presented in this Thesis is to provide a straightforward account of 
how to handle raw muon spin relaxation (SR) data from the muon ISIS facility. Production 
of such a comprehensive report would be useful for newcomers to the field, particularly the 
community of both inorganic and molecular chemists aiming to use this potentially useful 
technique in their field of investigation. 
  
  
List of abbreviations  
btr  4,4’-bis-1,2,4-triazole a0 Initial asymmetry 
hyetrz  4-(2’-hydroxy-ethyl)-1,2,4-triazole af Fast amplitude 
hyptrz 4-(3’-hydroxy-propyl)-1,2,4-triazole as Slow amplitude 
NH2trz 4-amino-1,2,4-triazole λf Fast decay constant 
pbrs p-bromophenylsulfonate  σs Slow decay constant 
phen  1,10-phenanthroline β Stretch parameter 
ptz  1-propyl-tetrazole ω Precession frequency 
HS High-Spin φ Phase 
LS Low-Spin T1/2 Transition temperature 
SCO Spin Crossover   
ST Spin Transition   
LF Longitudinal Field   
TF Transverse Field   
TF20 Transverse Field 20 Oe   
ZF Zero Field   
µ
+
 Positive muon   
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γµ Gyromagnetic ratio of muon   
γe Gyromagnetic ratio of electron   
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1 Introduction 
The importance of spin crossover (SCO) materials has increased enormously in the last few 
decades.
[1]
 These compounds are characterised by a spin state change which occurs between a 
paramagnetic High-Spin (HS) state and a diamagnetic Low-Spin (LS) state for Fe(II) 
complexes (Fig. 1), as a response of external perturbations, for instance temperature. The spin 
state change can occur sharply, which is known as spin transition (ST) or smoothly, then 
known as spin conversion. 
 
Figure 1. A schematic view of the 3d orbitals (left) and the two different spin states for Fe(II), paramagnetic and 
diamagnetic state (right).
[2]
  
Nowadays, muon spin relaxation (SR) spectroscopy has become an important tool to study 
and analyse, for example, molecular conductors and superconductors.
[3]
 Muon spectrometers 
are operated using intense muon beams produced in synchrotrons facilities such as those 
available at: ISIS Rutherford Appleton Laboratory (RAL), Oxfordshire, U.K, RIKEN-RAL 
(also at RAL), Paul Scherrer Institute (PSI), Villigen, Switzerland, TRIUMF, Vancouver, 
Canada, KEK, Tsukuba, Japan and more recently in J-PARK, Tokai, Japan.  
The study of SCO materials by using µSR is still in its infancy, the first attempt was 
performed by Shioyasu et al. when studying [Fe(phen)2(NCS)2] (phen = 1,10-phenanthroline), 
in 1994.
[4]
 In 2002, Campbell et al. published the first comprehensive study of a SCO 
compound studying [Fe(ptz)6](ClO4)2 (ptz = 1-propyl-tetrazole),
[5]
 after a short account in a 
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congress in Oxford, 2001. In 2003, the group of Blundell entered the field with two articles on 
[Fe(PM-PEA)2(NCS)2].
[6] [7] 
In 2004 a new contribution from Roubeau et al. was communicated about the study of the 2D 
network [Fe(btr)2(NCS)2]·H2O (btr = 4,4’-bis-1,2,4-triazole),
[8]
 but at the same time the group 
of Blundell published another study of [Fe(PM-PEA)2(NCS)2] with an extension on 
[Fe(PMAzA)2(NCS)2].
[9]
 The same year Garcia et al. published a comprehensive account on 
[Fe(phen)2(NCS)2].
[10] [11]
 The group of Garcia published in 2006 a short communication 
about the 1D chain [Fe(NH2trz)3](NO3)2 (NH2trz = 4-amino-1,2,4-triazole), followed by a full 
paper in 2007.
 [12]
 
[13]
 In 2008, a comprehensive review article about the study of SCO 
compounds by SR was published by the same group of scientists.[14] No more articles 
concerning the use of µSR for SCO has been published since this period.  
  
Muon spin relaxation data analysis of spin crossover complexes 
 
3 
 
2 Objectives and Motivation 
The objectives of this thesis are the data fitting and analysis of a 1D chain compound 
[Fe(hyetrz)3](p-bromophenylsulfonate)2 (hyetrz = 4-(2’-hydroxy-ethyl)-1,2,4-triazole) 
recorded on the MuSR spectrometer at the muon pulsed source ISIS facility at the Rutherford 
Appleton Laboratory in Oxfordshire, United Kingdom. The data were recorded in 2003 by 
Prof. Y. Garcia, Prof. S.J. Campbell and Y. Boland and analysed by Y. Boland in his doctoral 
thesis assuming the compound was a paramagnetic material. However, recent Mössbauer 
experiments performed by Prof. F. Varret and Prof. J. Linares in Versailles have shown that 
this material undergoes a spin conversion to the diamagnetic state for 14% of Fe(II) ions. 
Given this background, Prof. Garcia highly encouraged me to re-consider the µSR data of 
[Fe(phen)2(NCS)2]
[10]
 which had been recorded on the DEVA spectrometer (see Table 2). In 
addition to providing the initial training, the main purposes of this preliminary study were: to 
obtain experience with the software packages used (WiMDA and Origin); to learn how to 
tackle and treat raw data and to analyse the results in a comprehensive manner. This exercise 
then provided the background and skills to be able to start studying a new compound, 
[Fe(hyetrz)3](p-bromophenylsulfonate)2 which will be discussed in the forthcoming section. 
In the event, as outlined in this Thesis, many difficulties and problems emerged during this 
preliminary analysis - this was due to insufficient information being available in the literature 
or technical reports on how to use the WiMDA software for the data analysis.
[15] [16] 
For all of these reasons, the motivation of this project is to give an account on how to treat 
raw data while understanding the behaviour of [Fe(hyetrz)3](p-bromophenylsulfonate)2 at 
different temperatures and different applied magnetic fields. This practical account should be 
useful to newcomers to µSR, particularly chemists that may be tempted to use the technique, 
but frighten to cross the barrier of the data analysis. 
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3 Compound Structure 
The compound studied is [Fe(hyetrz)3](p-bromophenylsulfonate)2 which has a polymeric 1D 
chain structure where Fe(II) ions are connected by a bridge made of three 1,2,4-triazole 
ligands (Fig. 2). 
Figure 2. A schematic view of the polymeric cationic chain of [Fe(hyetrz)3]
+2
. The hydroxyethyl substituent is 
not shown.
[17] 
The two p-bromophenylsulfonate (pbrs) anions are located in the space between the chains 
and allow neutrality to be maintained (Fig. 3). No solvent molecules were detected by thermo-
gravimetric measurements, which is particularly rare for this class of materials.
[18] 
Figure 3. A schematic view of the structure of [Fe(hyetrz)3](p-bromophenylsulfonate)2. The pbrs anion stand in 
the space between chains.
[17] 
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4 Experimental Procedure 
The [Fe(hyetrz)3](p-bromophenylsulfonate)2 and copper calibration data were obtained using 
the MuSR spectrometer at the ISIS pulsed muon source of the Rutherford Appleton 
Laboratory (see Table 2). The powdered sample was inserted into an aluminum mount 
covered by a Mylar film window and the holder was masked from the muon beam by a silver 
plate. The muons, with energy ~3.2 MeV, are produced by the collision of high energy proton 
(p) fired into a graphite target which produces a pion (π+) via the reaction 
            
The pions subsequently decay into positive muons (µ
+
) 
         
where νµ is a muon-neutrino. Their properties are described in Table 1 and compared to other 
charged particles. The muon is implanted with their spin antiparallel to the beam direction; the 
muons thermalize in the sample within implementation ranges of order of 100 mg·cm
-2
 on 
time scales much shorter than the spin relaxation. Because of pion’s zero spin and in order to 
conserve momentum, the muon and neutrino must have equal and opposite momentum. The 
muon decay is a three body process: 
            ̅  
For this reason the energy of the proton may vary depending on how momentum is distributed 
between the three particles. The emitting positrons are emitted preferentially in the direction 
of the muon spin.
[3] 
Figure 4. A schematic view of the muon decay.
1 
                                            
1
 ISIS courtesy [Muon Training Course, 2005]. 
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 Muon Pion Electron Proton 
Property µ
+
 π+ e p 
Mass 105.66 MeV 139.57 MeV 0.511 MeV 938.27 MeV 
Charge +e +e -e +e 
Spin ½ 0 ½ ½ 
Magnetic 
Moment 
4.4904·10
-26
 J T
-1 
0 -928.48·10
-26
 J T
-1
 1.4106·10
-26
 J T
-1
 
Gyromagnetic 
ratio/(2π) 
135.53 MHz T
-1
 0 28024.21 MHz T
-1
 42.577 MHz T
-1
 
Lifetime 2.197·10
-6
 s 0.026·10
-6
 s > 4·10
23
 years > 2·10
26
 years 
Table 1. Properties of muon, pion, electron and proton.
[3] 
In order to detect the emitted positrons, backward and forward detectors are used 
Figure 5. Schematic illustration of a µSR experiment. A spin-polarized beam of muons is implanted in the 
sample. After decay, positrons are detected either by a forward or a backward detector.
2
 
The time evolution of the muon polarization can be obtained by studying the number of 
positrons detected in the backward and forward detectors, and the difference between these 
normalized functions is the asymmetry function, a(t). 
                                            
2
 ISIS courtesy [Muon training course, 2005]. 
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The asymmetry is described by the following function (eq. 1) with a0 being the initial 
asymmetry, GZ(t) the depolarization function, NF and NB the number of decay positrons 
detected by the forward and backwards counters, respectively and α an experimental constant 
that is dependent on sample position and detector efficiencies
[13]
 
 ( )      ( )  
  ( )    ( )
  ( )    ( )
            (1) 
The backward and forward detectors are intrinsic to the spectrometer, the facility used for 
recording the data. At ISIS, the main existing muon spectrometers are listed in Table 2. 
 
Longitudinal 
Field 
Transverse 
Field 
Temperature 
range 
EMU 0–5000 G 0–100 G 30 mK–1500 K 
MuSR 0–2500 G 0–600 G 30 mK–1000 K 
DEVA 0–2000 G 0–150 G 4–600 K 
HiFi 0–50000 G 0–100 G 30 mK–1500 K 
Table 2. Main ISIS muon spectrometers and their performances. 
It is important to mention that sometimes positive muons can thermalize (loss of energy) and 
pick up an electron to converge in a neutral atomic state called muonium, normally expressed 
Mu=µ
+
e
-
. Muonium is an analogue of atomic hydrogen where the muon-spin and the 
electronic spin are coupled by an hyperfine interaction, which is initially assumed to be 
isotropic. The possibility of muonium existence is important during the analysis because they 
add to unsaturated bonds to form muonated free radicals (i.e. addition to benzene, etc.) and 
the physical properties of the muonated molecule can change completely.
[3] 
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5 Data Analysis 
5.1 WiMDA Software Description 
In order to use the WiMDA software, its potentiality as well as its usefulness in µSR research 
has to be understood. For this reason, the main windows and parameters are described below 
with protocols about the preparation and analysis attached in Appendix. 
When running WiMDA, the Main Menu window appears. In this window different options 
can be selected: File (for the setup and loading the data), Logbook (for reading the 
information about the data recorded), Group (for specifying the displaying and fitting 
parameters), MaxEnt (for studying the entropy of the system), Fourier (for studying the 
frequencies) or Help. 
Figure 6. Screen shot of WiMDA Main Menu window. 
File operations are necessary if a change in the libraries has to be made or when new data, 
which are not in the defined Data Directory, need to be opened. Logbook window is used in 
order to know the information about the data, the extension of the files is *.tlog and they have 
to be loaded by using the Import Headers (Fig. 7). 
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Figure 7. Screen shot of WiMDA Logbook window. 
In the Grouping window, several parameters can be found such as the Deadtime correction, 
the Tzero offset and Tgood offset, the Binning type, the Asymmetry Options and the Bunch 
Factor (BF) (Fig. 8). 
Figure 8. Screen shot of WiMDA Grouping window. 
Due to fact that ISIS produces a pulsed muon beam, a deadtime calibration has to be recorded. 
This is normally solved by loading manually the dt*.dat file provided by the facility. The Tzero 
offset corresponds to the mean arrival time of muons at the instrument, taking into account 
delays in the detectors and electronics and Tgood offset is the time interval from the centre of 
the pulse to the end, when all muons have arrived to the sample.
[16]
 Depending on the 
spectrometer and when the study was performed, Tzero offset and Tgood offset could vary, but 
they do not change from one experiment to another.
[16] 
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As examples, the DEVA spectrometer was used in 2001 for studies of [Fe(phen)2(NCS)2]
[10]
 
with Tzero offset = 14 µs and Tgood offset = 7 µs, while in the present Thesis, data from the 
MuSR spectrometer in 2003 was used with Tzero offset = 40 µs and Tgood offset = 9 µs.  
The Background (BG) parameter refers to the non-muon-related continuous background 
(cosmic rays, electronic noise, etc.) and it was fixed to zero because the background counts in 
ISIS are small enough for them to be ignored [J.S. Lord, private communication, 2013]. 
In the Grouping window, the Binning type can be also found; this refers to the length of time 
in which time values for positron events are produced.
[16]
 During the entire analysis the 
Binning type was fixed while changing the Bunch factor according to which features were 
expected. When using large bins, the statistical noise gets reduced, so it makes it easier to 
check whether the fitting is good or not. Large bins are used when the relaxation is slow; on 
the other hand when the relaxation or oscillation is expected to be rapid, a smaller bin size is 
preferable. Fit results and chi-squared quality fit can vary depending on the bin size chosen, 
so the choice of the optimal one should be done at the start and be kept for the complete data 
set analysis (Fig. 9) [J.S. Lord, private communication, 2013]. 
Figure 9. ZF-SR measurements of [Fe(hyetrz)3](p-bromophenylsulfonate)2 data at 12.5 K with BF = 5 (left) 
and BF = 20 (right). 
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For fitting the data and saving the results, the following windows must be used: 
1) The Analyse window, which makes it possible to select the fitting functions and 
introduce starting parameters. 
2)  The Fit Log window, which provides information about the quality of the fit. 
3)  The Fit Table window, for saving the fits and results.  
The plot is also useful in order to check the statistical noise as well as the possibility of 
abnormal fitting. In the Analyse window (Figure 10), there are the Group to Fit, the Time 
Range, the Asymmetry and the Components, each of this with its own amplitude, oscillation 
function and relaxation function, if necessary. 
Figure 10. Screen shot of WiMDA Analyse window. 
When choosing the Time Range for the analysis it is better to have a long time to have many 
points to fit; this applies despite the fact that a good fitting would not change the results if the 
Time Range selected was shorter. 
As can be observed in Figure 11, the Asymmetry parameter is composed of the initial 
asymmetry, the relaxing asymmetry and the baseline asymmetry. The initial asymmetry refers 
to the total asymmetry at the start (time zero), the baseline asymmetry is used for having an 
accurate balancing of the forward and backward detectors set (α’s error estimator) and the 
relaxing asymmetry is the difference between initial and baseline asymmetry.
[16]
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Figure 11. Diagram of different type of asymmetry components.
[16] 
The variety of oscillation functions goes from the Rotation Frequency and Rotation Field 
functions to Kubo-Toyabe and LF Keren functions (mathematical description in Appendix). It 
should be noticed that these functions are normally used in Transverse Fields (TF), but Kubo-
Toyabe and LF Keren functions can be also used for Zero Field measurements (ZF) (i.e. 
Kubo-Toyabe for copper sample) and Longitudinal Field measurements (LF) (i.e. modified 
LF Keren function for [Fe(NH2trz)3](NO3)2
[13]
).  
Rotation Field is normally more intuitive than Rotation Frequency because the field 
parameter can be compared to the real applied one. When using these functions, if it is 
expected to have more than one component with the same oscillation or frequency, it is 
possible to link them. It has also to be noticed that the frequency parameter is given in MHz 
and relaxation in µs
-1
 in all functions. 
In the set of available relaxation functions, it is possible to choose between Lorentzian 
function, Gaussian function, Gaussian2 function, Stretched Exponential function, Risch-Kher 
function, Gaussian^2 function, Abragam function and Fnorm Stretched Exponential function 
(mathematical descriptions in Appendix). The commonly used relaxation functions are 
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Lorentzian and Gaussian, including their 
combination. If the data suffers a fast relaxation a 
Lorentzian function normally fits properly, while a 
slow relaxation is commonly fitted by a Gaussian-
type.
[10]
 Stretched Exponential function is used in 
early analysis to have a better understanding of the 
relaxation data at different temperatures and fields 
and to orient towards the best analysis. 
Figure 12. Comparison of Gaussian and Lorentzian functions.
[19] 
To sum up, the procedure that has to be applied is the following: 
1) Use the Transverse Field 20 Oe (TF20) data of the calibration in order to determine the 
experimental calibration constant (αc); once this is done the Baseline can be fixed to zero. 
2) Use the ZF data of the calibration in order to determine the background. If there is no 
calibration data, the background will be found by using the TF20 of the sample at the lowest 
temperature recorded and adding a free non-relaxing component in the Analyse window. 
3) Use the TF20 data of the sample which will provide the experimental sample constant (αs); 
if there is more than one TF20 data at different temperatures, the value of α parameter should 
be the same within errors. 
4) With the background found used as the non-relaxing component and αs, it is already 
possible to start analysing the ZF and LF-µSR measurements. 
5)  The ratio between the amplitude of the relaxing component in the compound and that in 
the calibration will be the fraction of muons that are in a diamagnetic state at that temperature 
[J.S. Lord, private communication, 2013]. 
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5.2 Calibration study 
5.2.1 Transverse Field 
Before analysing the muon data for any compound, it is necessary to determine the 
experimental calibration constant (αc) and the background; otherwise no reliable study could 
be performed. In order to obtain the αc value, TF20 data from copper at 40 K were used. For 
the background, copper ZF-measurement at 40 K was used.  
Copper is a diamagnetic metal which allows the spin motion of a positive muon in the 
interstitial sites of copper to be characterized by the relaxation of spin polarization under 
random local fields from the surrounding nuclear magnetic moments. The calibration is done 
at low temperatures because the slow diffusion of muons in the copper matrix means they are 
almost immobile below 100 K.
[20] 
When analysing the TF20 run, the best fit was achieved by using a Gaussian relaxation 
function and a non-relaxing component, both with the same oscillation and phase  
 ( )  (   
 (  )     )    (    )     (2) 
where a0 and anr represent the amplitude of the relaxing component and the non-relaxing 
component, respectively. The amplitude anr can be understood as the amount of muons that do 
not relax, but still feel the entire field. The φ represents the phase and ω the precession 
frequency. For this fitting, the baseline was left free as an estimation of αc’s error.  
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In Fig. 13, oscillation data was observed at 40 K, starting with an initial asymmetry ~ 25 % 
and suffering a relaxation that can be fitted by using eq. 2 and resulting in αc = 1.02650. 
 
Figure 13. TF20-µSR relaxation curves for copper at 40 K (●). The lines represent fits to the data as explained 
in the text. 
Before this fit, a Lorentzian relaxation function and a combination of a Lorentzian and 
Gaussian relaxation were also tried, but they did not fit properly. An Abragam function was 
not applied because it is relevant for muon diffusion above 100 K
[20]
 and, as mentioned above, 
the copper data were recorded at 40 K. 
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5.2.2 Zero Field 
At low temperatures, the diamagnetic metals have an asymptotic component, called the “1/3 
tail”, which gives a clear signature for the static nature of the local field. This damping in the 
function gives the slow diffusion (hopping) rate of the muon itself and it is well described by 
a dynamic Kubo-Toyabe function 
  ( )   ( )( )  ∑  ∫  (   )(    ) ( )(  )  
 
 
 
      (3) 
where g
i
(t) represents the spin-relaxation function at time t. It is important to point out that 
each of these functions include the fluctuation rate of the muons (ν) because of “collisions” 
after which they are randomly distributed with no correlation with the field; the time constant 
(Δ) which is related directly with the root mean square of the random field (see eq. 4), the 
gyromagnetic ratio of the muon (γµ) and the local dipolar field (B) 
  
   
⁄  〈  
 〉  〈  
 〉  〈  
 〉    (4) 
For ZF data in copper at 40 K, it was assumed that the local dipolar field was distributed 
according to a Gaussian distribution and there was no fluctuation rate because at this 
temperature the diffusion of muons was too low.
[20]
 Considering all this, the Static Zero-Field 
Kubo-Toyabe function was obtained 
 (   )  
 
 
 
 
 
(    
     )  
 
 
  
     
   (5) 
Finally, the ZF data were best fitted by the following eq. 6, which is a Static Zero-Field Kubo-
Toyabe function with a0 as the amplitude associated to this function and the background 
represented by abg as can also been seen in the Fig. 14 
 ( )    (
 
 
 
 
 
(    
     )  
 
 
  
     )              (6) 
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Figure 14. ZF-µSR relaxation curves for copper at 40 K (●). The lines represent fits to the data as explained in 
the text. 
The time constant value obtained, Δ = 0.361 (0.002) µs-1 is in the range reported by Kadono et 
al., Δ = 0.379 µs-1,[20] but in their article the value provided was deduced from a set of spectra 
recorded over the temperature range 40–80 K, which is expected to yield to a higher damping.  
The analysis above has provided the full asymmetry fractions for copper, ~ 24.8 % and the 
background, abg ~ 4.1 %. The value for the background will be used next as the background of 
the experiment in the study of [Fe(hyetrz)3](p-bromophenylsulfonate)2. 
In conclusion, the above study of the muon behaviour in copper at low temperatures has 
proved the usefulness of the relaxation functions combined with rotational functions in TF-
measurements, and Kubo-Toyabe function in ZF-measurements, providing the calibration 
constant (αc) and the background.  
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5.3 [Fe(hyetrz)3](p-bromophenylsulfonate)2 study 
The [Fe(hyetrz)3](p-bromophenylsulfonate)2 was studied on MuSR at ISIS over the 
temperature range 12.5–300 K with ZF, TF20 and LF-measurements over the field range 0–
2500 Oe.
[21] 
5.3.1 Transverse Field 
When studying the TF20, it is recommended to undertake the initial analysis with the lowest 
temperature data because the diffusion of muons is lower when cooling. This study will 
provide the experimental constant for the compound (αs), which is different from the αc found 
for copper because the sample has changed. 
No sign of magnetic ordering was detected for [Fe(hyetrz)3](p-bromophenylsulfonate)2 since 
no oscillation was noticed at the lowest temperature recorded, 12.5 K. An analysis of the 
temperature dependence of the magnetic susceptibility did not show any abrupt change in 
contrast to the related 1D chain compound, [Fe(hyptrz)3]SiF6 (hyptrz = 4-(3’-hydroxy-
propyl)-1,2,4-triazole), which does not present any SCO behaviour (Fig. 15).
[22]
  
Figure 15. Dependence of the magnetic susceptibility of [Fe(hyetrz)3](p-bromophenylsulfonate)2 (left) and 
[Fe(hyptrz)3]SiF6 (right) at 1000 Oe.
3
  
 
                                            
3
 Prof. Garcia courtesy, April 2013.   
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The data were analysed at different temperatures and the best fitting was obtained with a 
Lorentzian and a Gaussian relaxation function, referring to muons in the sample, and a non-
relaxing component, which refer to muons in the sample holder, all of them with the same 
phase and frequency 
 ( )  (   
        
 (   )
 
    )    (     )   (7) 
where af and as represent the amplitude of the asymmetry of fast and slow relaxation, 
respectively, λf and σs represent the decay constant of the fast and slow relaxation 
respectively, anr represents the amplitudes of the asymmetry of the non-relaxation component, 
φ represents the phase and ω the precession frequency. This latter frequency was found to be 
equal to ω = 130 MHz T-1, behaviour which is characteristic of diamagnetic muons (ω = 135.5 
MHz T
-1
). The αs value found at 12.5 K, agrees very well with the value found at 280 K 
within errors (~ 1.05924 at 12.5 K, ~ 1.04987 at 280 K). The αs value used in the following 
analysis is taken as the average value of the αs values determined at 12.5 K and 280 K, so αs  = 
1.05456. 
 A comparison between the TF20 and ZF-measurements at 12.5 K and 280 K is shown in 
Figure 16. At both temperatures it is possible to observe a typical relaxation data in ZF and 
the oscillation in TF20. The spectra reveal approximately the same initial asymmetry, a0 ~ 16 
% at 12.5 K and ~ 20 % at 280 K. Similar relaxation rates are also revealed on comparing the 
TF20 values (σs ~ 0.17 µs
-1
 at 12.5 K, σs ~ 0.09 µs
-1
 at 280 K) with the ZF values (σs ~ 0.34 µs
-
1
 at 12.5 K, σs ~ 0.29 µs
-1
 at 280 K). 
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Figure 16. Comparison between ZF (○) and TF-20 Oe relaxation curves (●) at 12.5 K (top) and 280 K (bottom) 
for [Fe(hyetrz)3](4-bromophenylsulfonate)2. The lines represent fits to the data as explained in the text. 
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5.3.2 Zero Field 
5.3.2.1 Stretched Exponential Approximation 
For studying the ZF-measurements, a first approximation was used by analysing the data with 
a stretched exponential function. As can be observed in Fig. 17, the relaxation spectra reveal a 
region of fast relaxation occurring over the first few µs, followed by a slower relaxation. This 
overall behaviour is found to be more or less sharper depending on the temperature at which 
data were recorded. 
 
Figure 17. ZF-µSR relaxation curves for [Fe(hyetrz)3](p-bromophenylsulfonate)2 at 12.5 K (●) and at 300 K (○). 
The lines represent fits to the data as explained in the text. 
The stretched exponential function is well known because by modifying the stretch parameter 
(β) and the decay constant (λ), it is possible to adjust the fitting despite of the different 
relaxation experienced by muons when varying the temperature. For [Fe(hyetrz)3](p-
bromophenylsulfonate)2 the best fit was achieved by using 
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 ( )     
 (  )                               (8) 
where a0 represents the relaxing amplitude, abg the background amplitude which was fixed to 
the background found in copper at ZF at 40 K, ~ 4.1 %. The value of the baseline in WiMDA 
software was fixed to zero because the background was represented by abg; another option 
would have been to remove the non-relaxing component (abg) from eq. 8 and then fix the 
value of the baseline to the value of the non-relaxing component. 
 
Figure 18. Temperature dependence of the β parameter from eq. 8 (●) for [Fe(hyetrz)3](p-
bromophenylsulfonate)2.  
As can be seen in Fig. 18, the value of the stretch parameter is ~ 1.6 at base temperatures 
indicates a Gaussian-type relaxation behaviour. The value of the stretch parameter is reduced 
to β ~ 1 on warming to 300 K, which is clear evidence for a Lorentzian-type relaxation 
behaviour.
[7]
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5.3.2.2 Best Relaxation Function 
The ZF spectra were thus best fitted with Lorentzian and Gaussian functions, referring to the 
fast and slow components, respectively 
 ( )     
        
 (   )
 
                              (9) 
where af  and as represent the amplitude of fast and slow relaxation, respectively, λf and σs 
represent the decay constant of the fast and slow components respectively. The abg parameter 
is ~ 4.1 % and represents the background, which was fixed during the entire temperature 
range of investigation. The combination of Lorentzian and Gaussian components in eq. 9 is 
consistent with the results obtained in the preliminary stretched exponential study where a 
transition from a Gaussian-type to a Lorentzian-type was demonstrated.  
In Fig. 19, a smooth increase in the initial asymmetry, a0 from ~ 16 % at 12.5 K to ~ 20 % at 
300 K is observed. Surprisingly, there is a deviation in the temperature range 100–160 K, 
which is actually consistent with the same SCO range detected by Mössbauer spectroscopy as 
will be shown later. 
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Figure 19. Temperature dependence of the initial asymmetry, a0 (●) for [Fe(hyetrz)3](p-bromophenylsulfonate)2. 
The dashed line is a guide to the eyes. 
The temperature dependence of the slow amplitude (as) and the fast amplitude (af) are shown 
in Fig. 20. In the temperature range 12.5–120 K, the slow amplitude (as) generally has a 
higher contribution to the initial asymmetry (a0) than the fast amplitude (af), except between 
20–25 K, where the contribution of the fast amplitude (af) is higher than the slow amplitude 
(as). The relative values of the slow amplitude and the fast amplitude interchange around ~ 
120 K and, within errors, remain in these relative positions to ~ 300 K. This indicates that the 
fast amplitude (af) influences more the initial asymmetry (a0) than the slow amplitude (as) in 
the temperature range 120–300 K.  
An unusual behaviour is found around ~ 240 K where the contribution of both amplitudes in 
the initial asymmetry, a0 is almost the same within errors. Differing behaviours for af and as 
are observed in the entire temperature range, particularly above 240 K, where a clear 
divergence is observed. The interchanged roles at 120 K are likely to occur as a consequence 
of the spin conversion from HS to LS. 
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Figure 20. Temperature dependence of the slow amplitude, as (○) and the fast amplitude, af (●) for 
[Fe(hyetrz)3](p-bromophenylsulfonate)2. The lines acts as guide to the eyes. 
A similar interchange in the roles was also observed in Fe(NCS)2(pyz)2, analysed by 
Lancaster, T. et al. in 2006.
[23]
 A good compilation of this abnormal behaviour can be 
appreciated in Fig. 21, where the variation of the relation between the HS area over the total 
area (AHS/ATotal) as recorded by Mössbauer spectroscopy
[17]
 is compared to the variation of the 
initial asymmetry, a0 and its components (af and as). The AHS/ATotal value is maintained 
constant at 86 % HS in the temperature range 12.5–80 K. At ~ 80 K, it experiences a 
conversion until 100 % HS at 300 K. Two different changes are observed, the first one is in 
the range ~ 80–150 K, where a sharp change occurs and the second change is in the 
temperature range 150–300 K where the conversion is smoother. 
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Figure 21. A comparison between the temperature dependence of the relation between the HS area over the total 
area (AHS/ATotal) (○) (right scale) and the initial asymmetry, a0 (●), the slow amplitude as (∆) and the fast 
amplitude af  (▲) (left scale) for [Fe(hyetrz)3](p-bromophenylsulfonate)2. The green line represents the transition 
temperature (T1/2 ~ 120 K). The AHS/ATotal values have been normalised to the value of a0 at 300 K. The lines act 
as guide to the eye. 
When comparing the AHS/ATotal value with the initial asymmetry, a0, the unexpected decrease 
in the initial asymmetry occurs at the transition temperature, T1/2 ~ 120 K (red line in Fig 21). 
Moreover, the relative values of the af and as components interchange around this temperature 
which proves the predominance of Gaussian behaviour below the transition temperature and 
Lorentzian behaviour above the transition temperature (T1/2). This interchange is consistent 
with the results obtained by the stretched exponential study (see Fig. 18). 
In Fig. 22, the temperature dependence of the fast decay constant (λf), the slow decay constant 
(σs) and the AHS/ATotal value are depicted. Within error the fast decay constant remains 
relatively unchanged in the temperature range 12.5–60 K. An abrupt change in λf is observed 
at 80 K when the spin conversion starts (see increasing of the AHS/ATotal value at 80 K in Fig. 
22). From 120–300 K, λf remains approximately constant. The inset shows the variation of the 
slow decay constant (σs) which experiences a general decrease over this temperature range. 
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The behaviour of σs has a lower overall effect on the total behaviour than the contribution 
from the fast decay constant.  
Figure 22. A comparison between the temperature dependence of the relation between the HS area over the total 
area (AHS/ATotal) (○) (right scale) and the fast decay constant, λf (●) (left scale). The inset shows the slow decay 
constant, σs (▲) for [Fe(hyetrz)3](p-bromophenylsulfonate)2. The dashed line acts as guide to the eye. 
When the LS spins switch to the HS state, an increase of entropy is observed since we go 
from a disordered situation to a more stable situation where all irons have the same spin. 
When this happens, the frequency of the fast relaxation rate associated to the muon varies 
increasing and decreasing as much as the conversion proceeds to the HS state. This frequency 
modification reveals that there is an existing interaction between iron spins and the muons. 
Such phenomenon has not yet been observed in the study of other SCO complexes by SR. 
It is interesting to note that a similar behaviour was observed in AgMn(0.5 at %) by Keren, A. 
et al.,
[24]
 where the decay constant (λμ) reached a maximum followed by a sharp decrease. 
Keren, A. et al. pointed out a possible phase transition which cannot be excluded here.  
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Moreover, other authors such as Takigawa, M. et al.
[25]
 in 1980 and Lancaster, T. et al.,
[23]
 
García-Muñoz, J.L. et al.,
[26]
 Baumann, C. et al.,
[27]
 and Kuroiwa, S. et al.
[28] 
in 2006 pointed 
out a similar behaviour. However, all of these authors attributed that behaviour to a change 
from ferromagnetic to antiferromagnetic behaviour, but this is not the case for [Fe(hyetrz)3](p-
bromophenylsulfonate)2 (see Fig. 15). Finally, it is advised to run a temperature dependent 
powder diffraction X-ray study to conclude about a possible structural change. 
 
5.3.3 Longitudinal Field 
Longitudinal Field (LF) analyses are performed in order to prove the repolarization and the 
dependence of the initial asymmetry parameter, a0, on the magnetic field. LF-µSR spectra 
were recorded at selected fields (50–2500 Oe) and 12.5–280 K temperature range. The 
equation that best fitted the data was the same as used for the ZF-µSR measurements 
 ( )     
        
 (   )
 
                              (10) 
where af, as and anr represent the amplitude of the asymmetry of fast relaxation, the 
asymmetry of the slow relaxation and the amplitude of the non-relaxing component, 
respectively. In this case, the non-relaxing component takes into account the background and 
also the quenched paramagnetic muons in the presence of an applied magnetic field.
[10]
 The λf 
and σs represent the decay constant of the fast and slow relaxation, respectively.  
Fig. 23 shows the ZF and LF-2500 Oe µSR spectra obtained at 12.5 K and 280 K, below and 
above T1/2 ~ 120 K, respectively. The more pronounced relaxation is observed for ZF-
measurement at 12.5 K. The relaxation at ZF at 280 K is smoother than the data recorded at 
ZF at 12.5 K. The repolarization is reached at 12.5 K over 2500 Oe. The change observed in 
the initial asymmetry at 12.5 K at ZF and LF-2500 Oe is comparable to the change observed 
at 280 K, so no significant change in the initial asymmetry, a0 can be appreciated in between 
the temperature below and above the transition temperature. 
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Figure 23. Representative ZF and LF-2500 Oe µSR curves for [Fe(hyetrz)3](p-bromophenylsulfonate)2 at 12.5 K 
and 280 K. The lines represent fits to the data as explained in the text. 
The isothermal relaxation spectra recorded at LF (50–2500 Oe) at selected temperatures over 
the range 12.5–280 K were fitted to eq. 10 to derive the repolarisation data a0(B), shown in 
Fig. 24. 
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Figure 24. Dependence of the initial asymmetry parameter, a0 of [Fe(hyetrz)3](p-bromophenylsulfonate)2 on 
magnetic field, up to 2500 Oe at the temperatures indicated [●, T= 12.5 K; ○, T=20 K; ▲, T= 40 K; ∆, T= 60 K; 
□, T= 120 K;▼, T=200 K; ■, T= 280 K]. The lines act as guides to the eyes.  
The shape of the repolarization curves shows a slight increase for low magnetic fields (H ≤ 50 
Oe), whereas an abrupt change is shown in between 50 Oe and 1000 Oe. For higher magnetic 
fields (H ≥ 1000 Oe) a tendency toward a possible saturation is observed in the initial 
asymmetry, a0. 
The repolarisation data were fitted with the isotropic repolarisation function provided by Cox, 
S. F. J.
[29]
 using the Origin Software 
 ( )            
(  
  
    
)
 
                         (11) 
where 
  (     )
 
 
                              (12) 
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adia and apara represent the diamagnetic and the paramagnetic contribution in an applied field, 
γe and γµ represent the gyromagnetic ratio of the electron and the muon, respectively (values 
in Table 1). The hyperfine coupling constant A [MHz] is assumed to be independent of 
temperature and was used as a parameter for the entire analysis.  
The eq. 11 is modified from the isotropic repolarisation function published by Cox in 1987.
[29]
 
The isotropic repolarisation function assumes that: 
1)  There is only one muonium or radical site in the sample - this may not apply due to 
the potential additional sites present in [Fe(hyetrz)3](4-bromophenylsulfonate)2. 
2)  The muon in the compound is isotropic - this is unlikely to be true apart from the 
muonium in high symmetry interstitial sites.  
3) The form of the repolarization is not affected by the dynamics, this assumption applies 
when the data has no or very low relaxation. 
Despite the limitation of the repolarisation function, this function is routinely used in a first 
approximation in the absence of an equation describing the anisotropic case. The value 
obtained for the hyperfine coupling constant is A = 467(17) MHz. This value is of the order of 
500 MHz, a value typical for molecular radical states. This value is far from interstitial 
muonium with hyperfine coupling of about 4400 MHz in vacuum.
[30]
 This indicates that the 
hyperfine coupling constant value A = 467(17) MHz is a good estimation of the spin 
fluctuation rate of the Fe spins which interact with muonium radicals. 
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6 Discussion 
The thermally induced spin state conversion from HS (S = 2) to LS (S = 0) in [Fe(hyetrz)3](p-
bromophenylsulfonate)2 has been delineated by the variation of the ZF initial asymmetry 
parameter, a0 (Fig. 19) and the β parameter of eq. 8 (Fig. 18). A representation of the 
magnetic susceptibility and a0 is given in Fig. 25. 
 
Figure 25. A comparison between the temperature dependence of χMT (○) (right scale) and the initial asymmetry 
parameter, a0 (●) (left scale) for [Fe(hyetrz)3](p-bromophenylsulfonate)2. The χMT values have been normalized 
to the value of a0 at 300 K. 
While the magnetic measurements generally track the temperature behaviour of a0 from 300 
K to ~ 100 K, no strong correlation is observed between the magnetic measurement and the 
initial asymmetry, a0 below T ~ 100 K. These experiments indicate that SQUID 
measurements
[21]
 are not sensitive enough to detect conversion of the ~14 % fraction of spins, 
as indicated by analysis of the Mössbauer spectra.
[17]
 This situation invited us to study these 
complexes by a more sophisticated technique, such as µSR, which initiated this Master 
project.  
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While the behaviour of a complete HS to LS spin transition has already been studied (i.e. 
[Fe(phen)2(NCS)2]
[10]
), an incomplete spin conversion has never been investigated by µSR. 
As can be seen in Fig. 26, the temperature dependence of the HS area over the total area 
(AHS/ATotal) of [Fe(hyetrz)3](p-bromophenylsulfonate)2 as determined from Mössbauer 
spectroscopy reveals on cooling a spin conversion, defining a transition temperature (T1/2) 
around ~ 120 K. The increase of the HS area below ~ 77 K is due to the Debye-Waller 
difference between LS and HS ions. 
While a good matching between the (AHS/ATotal) values and a0 values is observed in Fig. 26, 
more data points must be recorded by Mössbauer spectroscopy in the temperature range 150–
300 K to determine at which temperature the HS stable regime starts. The LS stable regime is 
clearly revealed in the temperature below 80 K, although the HS stable regime has not still 
been determined, so this will be the scope of a future study. 
 
Figure 26. A comparison between the temperature dependence of the relation between the HS area over the total 
area (AHS/ATotal) (○) (right scale) and the initial asymmetry, a0 (●), (left scale) for [Fe(hyetrz)3](p-
bromophenylsulfonate)2. The AHS/ATotal values have been normalised to the value of a0 at 300 K. The lines act as 
guide to the eye. 
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Several muonic species could be identified on the basis of ZF and applied field μSR 
measurements. As discussed above in [Fe(hyetrz)3](p-bromophenylsulfonate)2 study, 
comparison of TF20 and ZF measurements demonstrates that diamagnetic muons are 
actually present over the entire temperature range ~ 12.5–280 K. Diamagnetic muons are 
those species in the form of a free muon or muonium bond, in a compound in place of an 
ordinary hydrogen atom.
[4]
 They are expected to be located in regions of large electron 
density
[3]
 and, therefore location on negative charge groups (such as the sulfonate group of the 
counteranion in the present case) is expected.  
The presence of free interstitial diamagnetic muon species in the lattice can also not be 
excluded fully. The relaxation rate constants for [Fe(hyetrz)3](p-bromophenylsulfonate)2 
recorded in the spin conversion regime from 80 K to 160 K (σs ~ 0.29 μs
-1
 and λf
max
 ~ 2.59 μs
-
1
), which is close to that of [Fe(NH2trz)3](NO3)2 (σs ~ 0.24 μs
-1
 and λf
max
 ~ 1.5 μs
-1
),
[13]
 are 
significantly lower than the relaxation constant (and λf ~ 4.5 μs
-1
) obtained in the HS state for 
[Fe(phen)2(NCS)2], a molecule which does not contain any non-coordinated species.
[10]
 This 
behaviour indicates that the interaction between diamagnetic muon species and iron spins is 
weak, therefore diamagnetic muon species are located away from the iron spins in 
[Fe(hyetrz)3](p-bromophenylsulfonate)2.
[13] 
The observation (Fig. 26) that on increasing the temperature from 12.5 K to 300 K, a0 
increases from ~ 16 % to 20 % (corresponding to 100 % muon polarization on the MuSR 
spectrometer) supports the presence of some fraction of paramagnetic muons.
[13]  
As explained in the Experimental procedure, muonium can be created by the bonding of a 
muon, which has lost its energy, and an electron. It is similar to an hydrogen atom and it 
could be present as: (i) muonium radical in the double bonds or (ii) as a free interstitial 
muonium present in [Fe(hyetrz)3](p-bromophenylsulfonate)2.  
(i) As in the case of [Fe(ptz)6](ClO4)2,
[5]
 [Fe(phen)2(NCS)2]
[10]
 and [Fe(NH2trz)3](NO3)2,
[13]
 
which contain aromatic ligands, muonium radical species are expected to form on the 1,2,4-
triazole, but contrary to all previous examples, also on the phenyl ring of the anion in 
[Fe(hyetrz)3](p-bromophenylsulfonate)2. Indeed, the hyperfine coupling constant of 
[Fe(hyetrz)3](p-bromophenylsulfonate)2 (467 ± 17 MHz) is consistent with the values found 
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for [Fe(ptz)6](ClO4)2 (540 ± 15 MHz),
[5]
 [Fe(phen)2(NCS)2] (~ 500 MHz)
[10]
 and 
[Fe(NH2trz)3](NO3)2 (753 ± 77 MHz).
[13]
  
Two locations can be considered for the muon on the carbon (C) or nitrogen (N1, N2 or N4) 
atoms of the 1,2,4-triazole, but muon would preferably be located on double bounds,
[3]
 so to 
say on N1 or N2. The bonding of muonium to these nitrogen atoms would require the muon to 
be close to Fe ion, which is unlikely for steric reasons.
[13]
 Since muon is a light atom, it is 
possible to imagine it goes to N1 or N2, but in this case the ligand field is expected to be 
affected, which is not the case because no major difference in the a0 behaviour compared to 
the spin conversion curve derived from Mössbauer spectroscopy was observed (Fig. 26). The 
following configuration with an unpaired electron delocalized on three atoms is thus 
proposed: 
 
Figure 27. Schematic view of the presence of muonium in [Fe(hyetrz)3]
+2
. 
Two other locations can be considered for the muon on the carbon atoms (C) of the phenyl 
ring (see Fig. 28). A comparison between the two existing locations of muonium in phenyl 
ring makes clear that muonium will be located closer to SO3
-
 instead of Br, due to repulsion 
between the unpaired electron and SO3
-
; this analysis therefore indicates that the left 
schematic view in Fig. 28 is more probable than the schematic view on the right. 
Figure 28. Schematic view of the presence of muonium in [p-bromophenylsulfonate]. 
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When comparing these results with the conclusions extracted from the 1D chain 
[Fe(hyptrz)3]SiF6,
[22]
 which does not contain any aromatic counteranion likely to undergo 
additional muonium, it was found the presence of muonium on the 1,2,4-triazole ring and 
some muons going to the inorganic counteranion [SiF6]
-2
.  
(ii) Muonium could also be present as free interstitial muonium species or be located on the 
unsaturated bonds of the uncoordinated sulfonate, although it is more likely that a muon 
forms a neutral diamagnetic species such as Mu2SiF6, in the case of [Fe(hyptrz)3]SiF6 or 
[Mu]pbrs in the case of [Fe(hyetrz)3](p-bromophenylsulfonate)2.  
After an extensive literature search about the possible location of muon in the double bounds 
of the sulfonate, no reliable reference could be found. Most of the literature is about muonium 
species in C=O and C=C double bounds (i.e. COX, S.F.J. et al.
[31]
 in 1986; Niedermayer, 
C.
[32]
 in 1996; Blundell, S.J.
[33]
 in 2007; and recently Hudson, B.S., Chafetz, S.K.
[34]
 in 2013). 
Depending on how muonium interacts with [Fe(hyetrz)3](p-bromophenylsulfonate)2, two 
magnetic behaviours are possible. The diamagnetic-like behaviour, where the interaction of 
the spin of the muon and the spin of an electron is too weak because of the interaction with 
iron spins, so there is no coupling between the muon and the radical; and the paramagnetic 
state, where the interaction between the spin of the muon and the spin of an electron derives 
into the hyperfine coupling constant (A), see Fig. 29: 
 
Figure 29. A schematic view of the two possible magnetic behaviours of muonium in [Fe(hyetrz)3](p-
bromophenylsulfonate)2. The A value represents the hyperfine coupling constant. 
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Now, it has to be clarified that the fraction of paramagnetic muons found are better considered 
as paramagnetic muonium radical species. Moreover in reference to Fig. 24, there is always 
the same overall change in the initial asymmetry, a0 when warming and increasing the field. 
This reveals a paramagnetic behaviour in the entire temperature range. Therefore no 
diamagnetic-like behaviour is observed, a fact which could appear surprising because the spin 
conversion was revealed by tracking the initial asymmetry, a0 with temperature and by 
Mössbauer spectroscopy (Fig. 26) and no diamagnetic-like behaviour was observed in the HS 
state (Fig. 24). In reference to all other studied SCO complexes (i.e. [Fe(ptz)6](ClO4)2
[5]
), it 
was found that there were always paramagnetic muonium radicals in the LS state and 
diamagnetic-like muonium radicals in the HS state. 
A possible explanation for this behaviour could be that the 1,2,4-triazole does not play any 
role in the mechanism because the phenyl rings of the counteranion are taking all the muons. 
This hypothesis is consistent with having a paramagnetic state because phenyl rings are 
located far away from the 1D chain as shown in the crystal structure of a similar complex 
[Cu(hyptrz)3](4-chloro-3-nitro-phenylsulfonate)2·H2O
[35]
 and it would thus be hard to follow 
the spin conversion.  
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Figure 30. View of the [Cu(hyptrz)3](4-chloro-3-nitro-phenylsulfonate)2·H2O structure on the (bc) plane. The 
arrow is pointing towards a phenyl ring.
[35] 
Another explanation could be that all muons go to the 14 % LS iron in [Fe(hyetrz)3](p-
bromophenylsulfonate)2 and therefore it exists a paramagnetic state, without excluding muon 
going to the two phenyl rings of the anion per ion. However, it is impossible that the radical 
electron moves over the Fe ion and change its charge state (from Fe(II) to Fe(III)) because if 
this occurs, the spin state of the material would no longer be thermally switchable. 
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7 Concluding Remarks 
The μSR study of [Fe(phen)2(NCS)2],
[10]
 already analysed by Prof. Garcia et al. provided me 
the confidence to tackle the case of [Fe(hyetrz)3](p-bromophenylsulfonate)2 with enough 
criteria to detect possible misleading behaviours and sense possible functions that well fitted 
the data. This training was crucial to get introduced into the μSR data analysis and I strongly 
recommend this initial study to newcomers. 
As discussed in the [Fe(hyetrz)3](p-bromophenylsulfonate)2 study, the conversion from HS to 
LS which occurs in [Fe(hyetrz)3](p-bromophenylsulfonate)2 in the temperature range 80–150 
K and T1/2 ~ 120 K, has been tracked by µSR measurements over the temperature range 12.5–
300 K. The ZF relaxation curves were fitted first by using a stretched exponential and 
followed by Gaussian and Lorentzian components. The LF-measurements were well fitted by 
using the same function as used for ZF data. The initial asymmetry, a0 can be described in 
terms of contributions from slow and fast components (Fig. 20). 
Some diamagnetic muons exist over the entire temperature range, as evidenced by the 
increase of the initial asymmetry parameter, a0 (Fig. 19) and by low transverse field 
experiments. On the basis of earlier µSR studies on [Fe(ptz)6](ClO4)2,
 [5]
 [Fe(phen)2(NCS)2]
[10]
 
and [Fe(NH2trz)3](NO3)2,
[13]
 diamagnetic-like and paramagnetic muonium substituted radicals 
are expected to be present on the 1,2,4-triazole and phenyl ring of [Fe(hyetrz)3](p-
bromophenylsulfonate)2. Muons are expected to be located far away from iron spins on the 
SO3
- 
of the counteranion (forming a diamagnetic neutral molecule), or close to Fe spins on 
1,2,4-triazole ligands or phenyl ligands (as radicals). Muons located in interstitial sites cannot 
be excluded fully.  
The µSR measurements have enabled the variations in the spin population of [Fe(hyetrz)3](p-
bromophenylsulfonate)2 to be sensed over time scales of microseconds and confirm the 
usefulness of the µSR technique in tracking SCO behaviours. A main conclusion of this 
project is that µSR spectroscopy can be used to track a spin conversion, even of a few spins 
(in the present thesis 14 %) in a paramagnetic matrix, i.e for a diluted system. This result 
constitutes a new development in the SCO field and enables investigations of diluted systems 
to be explored further. 
Muon spin relaxation data analysis of spin crossover complexes 
 
40 
 
8 Bibliography 
[1] GÜTLICH, P., GASPAR, A. B., GARCIA, Y. Spin state switching in iron coordination 
compounds. Beilstein Journal of Organic Chemistry. Vol. 9, 2013, p. 342–391. 
[2] TOKURA, Y., NAGAOSA, N. Orbital Physics in Transition-Metal Oxides. Science. Vol. 
288, 2000, p. 462–468. 
[3] BLUNDELL, S.J. Muon-Spin Rotation Studies of Electronic Properties of Molecular 
Conductors and Superconductors. Chemical Review. Vol. 104, 2004, p. 5717–5735. 
[4] SHIOYASU, Y. et al., Positive muons in spin-crossover complex [Fe(NCS)2(phen)2]. 
Hyperfine Interactions. Vol. 84, 1994, p. 477–481. 
[5] CAMPBELL, S.J. et al., Muon Spin Rotation and Mössbauer Investigations of the Spin 
Transition in [Fe(ptz)6](ClO4)2. Journal of Physical Chemistry B. Vol. 107, 2003, p. 14289–
14295. 
[6] BLUNDELL, S.J. et al., µSR studies of organic and molecular magnets. Polyhedron. Vol. 
22, 2003, p.1973–1980. 
[7] BLUNDELL, S.J. et al., µSR study of organic systems: ferromagnetism, 
antiferromagnetism, the spin-crossover effect, and fluctuations in magnetic nanodiscs. 
Physica B. Vol. 326, 2003, p. 556–562. 
[8] ROUBEAU, O. et al., Observation of the spin-crossover in [Fe(btr)2(NCS)2]·H2O (btr = 
4,4’-bis-1,2,4-triazole) with µSR. Chemical Physics Letters. Vol. 395, 2004, p. 177–181. 
[9] BLUNDELL, S.J. et al., A µSR study of the spin-crossover. Journal of Physics and 
Chemistry of Solids. Vol. 65, 2004, p. 25–28. 
[10] GARCIA, Y. et al., Muon Spin Relaxation Study of the Spin Transition Compound 
[Fe(phen)2(NCS)2]. Journal of Physical Chemistry B. Vol. 108, 2004, p. 17838–17844. 
[11] GARCIA, Y. et al., Spin Transition in [Fe(phen)2(NCS)2]-µSR study. Physical Status 
Solidi a. Vol. 201, 2004, p. 3309–3313. 
Muon spin relaxation data analysis of spin crossover complexes 
 
41 
 
[12] KSENOFONTOV, V. et al., Hysteresis in the spin transition regime of 
[Fe(NH2trz)3](NO3)2 as probed by ZF-µSR. Physica B. Vol. 374–375, 2006, p.126–129. 
[13] GARCIA, Y. et al., Dynamics and Supramolecular Organization of the 1D Spin 
Transition Polymeric Chain Compound [Fe(NH2trz)3](NO3)2. Muon Spin Relaxation. Journal 
of Physical Chemistry B. Vol. 111, 2007, p. 11111–11119. 
[14] GARCIA, Y. et al., Muon spin relaxation of iron(II) spin crossover complexes. 
Inorganica Chimica Acta. Vol. 361, 2008, p. 3577–3585. 
[15] PRATT, F.L. WiMDA: A muon data analysis program for the Windows PC. Physica B. 
Vol. 289–290, 2000, p. 710–714. 
[16] LYNCH, M. et al., WiMDA Manual. 2005. [http://shadow.nd.rl.ac.uk/wimda/].  
[17] GARCIA, Y. et al., 
57
Fe Mössbauer study of 1D Fe(II) 1,2,4-triazole chains – 
antiferromagnetism and spin conversion. GFSM, Poster, 2007. 
[18] GARCIA, Y. et al., Spin Crossover in 1D, 2D and 3D Polymeric Fe(II) Networks. Topics 
in Current Chemistry. Vol. 233, 2004, p. 229–257. 
[19] BURTON, M. Lecture 5: Data Reduction and Analysis. Optical and Infrared Techniques. 
Module 3, Session 2. UNSW Astrophysics Postgraduate Course, 1997. 
[http://www.phys.unsw.edu.au/~mgb/pg_mod3_lec5/pg_mod3_lec5.html]. 
[20] KADONO, R. et al., Quantum diffusion of positive muons in copper. Journal of Physical 
Chemistry B. Vol. 39, 1989, p. 23–49. 
[21] CAMPBELL, S.J. et al., ISIS Experimental Report. RB Number 13820. 27-1/3-2 2003. 
[22] BOLAND, Y. Triazole and tetrazole iron(II) spin crossover coordination polymers and 
µSR investigation of model materials. Louvain-la-Neuve, Belgium, 2006. 
[23] LANCASTER, T. et al., Muon-spin relaxation studies of the low-dimensional molecular 
compounds Mn(dca)2(pyz) and Fe(NCS)2(pyz)2. Physica B. Vol. 374–375, 2006, p. 118–121. 
Muon spin relaxation data analysis of spin crossover complexes 
 
42 
 
[24] KEREN, A. et al., Probing the Spin-Spin Dynamical Autocorrelation Function in a Spin 
Glass above Tg via Muon Spin Relaxation. Physical Review Letters. Vol. 77, No. 7, 1996, p. 
1386–1389. 
[25] TAKIGAWA, M., et al., Positive Muon Spin Rotation and Relaxation Studies in the 
Helically Ordered State of MnSi. Journal of the Physical Society of Japan. Vol. 49, No. 5, 
1980, p. 1760–1767. 
[26] GARCIA-MUÑOZ, J.L. et al., µSR study of short-range charge order in YNiO3 above 
the monoclinic-orthorhombic transition. Physica B. Vol. 374–375, 2006, p. 87–90. 
[27] BAUMANN, C. et al., Anisotropic magnetic moments in LaSrMnO4. Physica B. Vol. 
374–375, 2006, p. 83–86.  
[28] KUROIWA, S. et al., Magnetic and superconducting phase diagram in oxybromite 
cuprate Ca2–xNaxCuO2Br2. Physica B. Vol. 374–375, 2006, p. 75–78. 
[29] COX, S.F.J. Implanted muon studies in condensed matter science. Journal of Physics 
Chemistry: Solid State Physics. Vol. 20, 1987, p. 3187–3220. 
[30] YAOUANC, A., DALMAS DE RÉOTIER, P. Muon Spin Rotation, Relaxation and 
Resonance. New York, United States, Oxford Science Publications, 2011.  
[31] COX, S.F.J. et al., HYPERFINE COUPLING CONSTANTS IN MUONIUM ADDUCTS 
OF THE CARBONYL BOND. Hyperfine Interactions. Vol. 32, 1986, p. 763–768. 
[32] NIEDERMAYER, C. Fullerenes with µSR. Hyperfine Interactions. Vol. 97–98, 1996, p. 
287–304. 
 [33] BLUNDELL, S.J. Muon spin rotation of organic compounds. NMR-MRI, µSR and 
Mössbauer Spectroscopies in Molecular Magnets. Springer Publications, 2007, p. 179–208. 
[34] HUDSON, B.S., CHAFETZ, S.K. Zero-Point Corrections for Isotropic Coupling 
Constants for Cyclohexadienyl Radical, C6H7 and C6H6Mu: Beyond the Bond Length Change 
Approximation. Molecules. Vol. 18, 2013, p. 4906–4916.  
[35] GARCIA, Y. et al., A Spin Transition Molecular Material with a Wide Bistability 
Domain. Chemistry European Journal. Vol. 8, 2002, p. 4992–5000. 
Muon spin relaxation data analysis of spin crossover complexes 
i 
 
9 Appendix 
WiMDA’s Protocol Preparation  
1)  Download WiMDA and NeXuS softwares from ISIS official webpage:  
http://www.isis.stfc.ac.uk/groups/muons/downloads/wimda-installation-notes7856.html 
2) Download WiMDA Manual from WiMDA Home page: 
http://shadow.nd.rl.ac.uk/wimda/ 
3) Follow the WiMDA Manual in order to install the software correctly. 
4) Run the data by using the button Load in WiMDA Main Menu window (if files are in 
data directory) or by File Open and then search the data (files with extension *.ral 
or *.nxs). 
5) Click Group button in WiMDA Main Menu window. It will appear the Grouping 
window, then load the dead calibration time (dt*.dat file) by using the manual option. 
6) In the Grouping window, if the α value is still unknown let the Asymmetry Options 
free. On the contrary, introduce it in Alpha parameter (the procedure to determine 
alpha is in WiMDA’s Protocol Analysis). 
7) Click Plot button in WiMDA Main Menu window. It will appear the Plot Parameters 
window, corroborate that Muon Type Polarity is positive. 
8) In the Plot Parameters window adapt the plot by changing the Axes.  
9) Click Analyse button in WiMDA Main Menu window. It will appear the Analyse 
window, the Fit Log window and the Fit Table window. 
10) In the Analyse window, choose the number of components by adding more or less 
depending on the expectations.  
11)  Choose the functions will be used by changing the Oscillation and Relaxation 
parameters. 
12)  Once this is done, push Fit, the results will appear en Fit Log Table. Pay attention in 
the Chi Squared and the viability of the parameters obtained. 
13)  In case of aborted fit, the latest values can be obtained by clicking Revert or if the 
fitting is good it can be saved by clicking in Add to Fit table. 
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WiMDA’s Protocol Analysis 
1) Determine αc from the calibration using TF20 data of the calibration.*  
2) Fix the Baseline to zero. 
3) Determine the background by using an extra non-relaxing component in the ZF data of 
the calibration. 
4) Determine αs from the sample using TF20 data of the sample at the lowest 
temperature. ** 
5) Analyse ZF-measurements using the αs and the background found in ZF data of the 
calibration. 
6) Analyse the LF-measurements using the αs and the background found in ZF data of the 
calibration. 
* If there is no calibration data, the α value and the background will be found by using the 
sample data (transverse field data at the lowest temperature recorded) and adding a free non-
relaxing component in the function. 
** If there is more than one transverse field data at different temperatures, the α value should 
be the same within errors. 
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Kubo-Toyabe: 
1) Static Zero Field 
 (   )  
 
 
 
 
 
(    
     )  
 
   
     
 
 
2) Finite Field 
 (     )
   (   
     
 ) [    
 
   
           ]  ( ⁄  
   
 ⁄ )∫   
 
  
            
 
 
 
3) Dynamic 
 (       )    ∫  ∫   ( )      (   ( ))  ( )    
   
 
 
  
 
g(t) is the static Kubo-Toyabe function F(∆,B,t) 
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ωL is the muon Larmon frequency γµB 
 
Relaxation 
Lorentzian 
 (   )       
Gaussian 
 (   )    (  )
 
 
Gaussian2 
 (   )    (   ⁄ )
 
 
Muon spin relaxation data analysis of spin crossover complexes 
iv 
 
Gaussian^2
 
 (    )    (    
 ) 
Stretched Exponential  
 (     )    (  )
 
 
Abragam: 
1) Transverse 
 (      )   
 {     
       ⁄        ⁄ } 
2) Longitudinal 
 (      )   
 {    
       ⁄        ⁄ } 
τc is the correlation time of the local field 
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